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Growth and characterization of single quantum dots emitting at 1300 nm
We have optimized the molecular-beam epitaxy growth conditions of self-organized InAs/ GaAs quantum dots ͑QDs͒ to achieve a low density of dots emitting at 1300 nm at low temperature. We used an ultralow InAs growth rate, lower than 0.002 ML/ s, to reduce the density to 2 dots/ m 2 and an InGaAs capping layer to achieve longer emission wavelength. Microphotoluminescence spectroscopy at low-temperature reveals emission lines characteristic of exciton-biexciton behavior. We also study the temperature dependence of the photoluminescence, showing clear single QD emission up to 90 K. With these results, InAs/ GaAs QDs appear as a very promising system for future applications of single photon sources in fiber-based quantum cryptography. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1872213͔
Growth of self-assembled InAs/ GaAs quantum dots ͑QDs͒ has been studied extensively over the past few years partly since these structures offer the prospect of temperature-independent ultralow-threshold lasers. The emergence of the field of quantum information and the development of quantum protocols for optical transmission of cryptographic keys has given a strong impetus to develop reliable sources of single photons. Single QDs obtained by strain-driven nucleation in the Stranski-Krastanov growth mode have been shown to emit single photons, [1] [2] [3] and thus represent a promising candidate for a solid-state, electrically pumped single-photon source. 1 However, most studies so far have concentrated on the Ͻ1000 nm wavelength range, while fiber-based quantum cryptography requires an emission wavelength matching the 1300 or 1550 nm transmission window of optical fibers. Progress in this direction has been slow, due to the difficulty of growing sufficiently large and In-rich InAs/ GaAs QDs for emission in the infrared, and because of the lower signal-to-noise performance of detectors in this wavelength range. Clear single QD emission ͑as proved by exciton-biexciton dynamics͒ was only demonstrated up to 1150 nm, 4 while discrete lines with unclear pump power dependence were reported for QDs emitting at 1300 and 1550 nm. 5, 6 In this letter, we describe a growth method which provides, at the same time, a low QD density in the 2-3 m −2 range and an emission wavelength of 1300 nm at low temperature ͓i.e., ϳ1400 nm at room temperature ͑RT͔͒. This allows us to show the emission of single QDs at 1300 nm through a clear exciton-biexciton behavior. Moreover, we show a high-temperature stability of the luminescence of single QDs with well-isolated emission lines up to T ϳ 90 K. These QDs may be thus suitable for single-photon sources at 1300 nm operating at liquid-nitrogen temperature.
A common approach to decrease the dot density is to grow a thin layer of InAs close to the critical thickness of the two-to three-dimensional growth mode transition. 7 But in this case, it is difficult to reach 1.3 m wavelength emission since this requires large and thick QDs, i.e., a relatively large amount of InAs. Instead, we have used a combination of an ultralow InAs growth rate ͓Ͻ0.002 monolayer͑ML͒ /s͔ and capping with an InGaAs layer to obtain, at the same time, low QD density and long-wavelength emission. The samples were grown by solid-source molecular-beam epitaxy on ͑001͒-oriented undoped GaAs substrates. Two series of samples were grown for atomic force microscopy ͑AFM͒ and photoluminescence ͑PL͒ spectroscopy characterization. After oxide desorption, a 0.5 m GaAs buffer layer was grown at 620°C under a background As 2 pressure of 10 −6 mbar. Then, 2.1 MLs of InAs were deposited at 505°C to form QDs by self-assembly at different growth rates in the range 0.16-0.0012 ML/ s. At the lowest growth rates, As 2 pressure was reduced to 5 ϫ 10 −7 mbar. In samples used for AFM, the substrate was immediately cooled down to RT just after InAs deposition and kept under an As overpressure. shows the QD density as a function of InAs growth rate: QD density decreases strongly from 3 ϫ 10 10 dots/ cm 2 to approximately 2 ϫ 10 8 dots/ cm 2 as InAs growth rate is reduced from 0.16 ML/ s to 0.0012 ML/ s. The values of QD density have been confirmed by transmission electronic microscopy investigation performed on InAs QDs capped by a GaAs layer. This trend was already reported for higher InAs growth rates. 8, 9 According to these studies, the decrease of QD density is due to an increased migration length of In adatoms at low growth rates. In order to minimize strain and surface energy, In adatoms incorporate into existing dots instead of forming new dots. 9 This leads to a reduction in QD density and an increase in QD size.
To perform PL measurements, a second series of samples was grown under the same conditions except that the dots were capped by 100 nm thick GaAs. Figure 2 , reporting the RT PL measurements, shows a redshift of PL peak emission wavelength, attributed to the increased QD size, 8 as the growth rate is decreased. Wavelength reaches 1310 nm at RT at the lowest growth rate. In order to further shift the PL emission to 1400 nm at RT, we used an InGaAs capping layer to reduce the strain and the In segregation from the QDs. 10, 11 InAs QDs were grown at 0.002 ML/ s and capped by a 5 nm thick In 0.15 Ga 0.85 As layer followed by 100 nm thick GaAs layer. PL spectra from this sample are reported in the inset of Fig. 2 , showing strong PL emission peak at 1400 nm ͑RT͒ and 1300 nm ͑10 K͒. This result allows spectroscopy investigations on single InAs QDs at low temperature.
In order to increase the extraction efficiency and thus signal-to-noise ratio, we incorporated those QDs at the center of an epitaxied 1 − microcavity with a 13.5 pair ͑one pair͒ Al 0.9 Ga 0.1 As/ GaAs bottom ͑top͒ Bragg mirror, respectively. This resulted in a 13-fold increase in the PL signal collected into a microscope objective of numerical aperture of 0.5. 1 m 2 mesas were processed by photolithography and wet etching to isolate QDs. The emission from the QDs in the mesas was dispersed in a 1 m focal length spectrometer equipped with a linear array of InGaAs detectors ͑Jobin-Yvon͒. A Ti-Sa laser emitting at 835 nm was used as a pump source. PL spectra at 10 K obtained on one of these mesas are presented in Fig. 3 for different excitation powers. We selected a mesa showing two sets of lines, corresponding to the emission of two single QDs, to highlight the consistency of the observed behavior. Two sharp lines at 957.9 meV and 956.8 meV can be attributed to exciton ͑X͒ and biexciton ͑XX͒ recombinations, respectively, in a single QD ͑QD1͒, as evidenced by their excitation power dependence: At very low pump power only the X line is present, with a saturation and concomitant rise of the XX line at higher excitation levels. The same behavior is observed in QD2 for the two peaks at 953.4 meV and 952.7 meV. The integrated intensities of X and XX lines of QD1 are plotted in Fig. 4 as a function of excitation power. At low excitation power, the PL intensity dependence on the laser power P can be fitted ͑lines͒ by the relation I X,XX ϰ P n , with n = 0.71 and 1.4 for X and XX lines, respectively. The deviation from the ideal linear and quadratic dependencies has been observed before in QDs capped with InGaAs. 4 However the fact that I XX ϰ I X 2 ͑see inset in In͑Ga͒As/ GaAs QDs ͑from negatives values up to about 5 meV͒ 12 as determined by the balance of Coulomb interaction, correlation, and exchange. Other sharp lines appear at higher excitation power. According to their energy position 13, 14 two of them can be attributed to negative ͑X − ͒ and positive ͑X + ͒ charged excitons. Moreover, we observed on several mesas other lines ͑mX͒ which appear concomitantly with the excited state emission and can therefore be attributed to multiexciton emission. 15 The ensemble of these observations confirms that the emission of single QDs in the 1300 nm region is clearly identified.
We further investigated the temperature stability of the single QD emission. Figure 5 presents PL spectra obtained on an other mesa at different temperatures: Sharp lines arising from discrete electronic states are seen at temperatures well above 77 K. As the temperature is raised, the X linewidth increases from 36 eV ͑12 K, resolution limited͒ to 160 eV ͑70 K͒, due to phonon-induced homogeneous broadening. 16 Moreover, the charged exciton lines increase at the expense of the X line, as previously reported. 17 We note that charged exciton line can also be used for single-photon emission.
In conclusion, we have shown that it is possible to reach low density dots with a wavelength emission at 1300 nm by optimizing growth conditions, i.e., drastically reducing InAs growth rate and using a InGaAs capping layer. Single InAs QD spectroscopy was performed and exciton/biexciton emission at 1300 nm was clearly observed at low temperature. The temperature stability of the emission suggests that these QDs may be used for single-photon sources operating at liquid-nitrogen temperatures. The low density should also allow the realization of a single-photon microcavity lightemitting diode.
